To better characterize Cryptosporidium in the Potomac River watershed, a PCR-based genotyping tool was used to analyze 64 base flow and 28 storm flow samples from five sites in the watershed. These sites included two water treatment plant intakes, as well as three upstream sites, each associated with a different type of land use. The uses, including urban wastewater, agricultural (cattle) wastewater, and wildlife, posed different risks in terms of the potential contribution of Cryptosporidium oocysts to the source water. Cryptosporidium was detected in 27 base flow water samples and 23 storm flow water samples. The most frequently detected species was C. andersoni (detected in 41 samples), while 14 other species or genotypes, almost all wildlife associated, were occasionally detected. The two common human-pathogenic species, C. hominis and C. parvum, were not detected. Although C. andersoni was common at all four sites influenced by agriculture, it was largely absent at the urban wastewater site. There were very few positive samples as determined by Environmental Protection Agency method 1623 at any site; only 8 of 90 samples analyzed (9%) were positive for Cryptosporidium as determined by microscopy. The genotyping results suggest that many of the Cryptosporidium oocysts in the water treatment plant source waters were from old calves and adult cattle and might not pose a significant risk to human health.
Waterborne cryptosporidiosis remains one of the prominent public health concerns in industrialized nations (39) . Many Cryptosporidium species and genotypes have been found in domestic and wild animals, and all of them can potentially occur in water. However, only two Cryptosporidium spp. are major human pathogens, C. parvum and C. hominis (59, 61) . Because oocysts of all Cryptosporidium spp. are morphologically similar and have the potential to be present in water, sensitive and specific detection and typing of Cryptosporidium oocysts in water to determine both the species and the genotype are essential for source water management and risk assessment. This has become more important because of the recent implementation of the Long Term 2 Enhanced Surface Water Treatment Rule in the United States, which requires monitoring of Cryptosporidium oocysts in source water to determine the level of treatment needed at a water treatment plant (WTP) (52) . Regulations for Cryptosporidium oocysts in water have also been implemented and tightened in the United Kingdom and some other industrialized nations (8, 26) .
Currently, identification of Cryptosporidium oocysts in environmental samples is largely performed by using U.S. Environmental Protection Agency (USEPA) method 1622 (for Cryptosporidium) or method 1623 (for both Cryptosporidium and Giardia) and their equivalents in the United Kingdom and other countries (55) . This involves concentration of oocysts by filtration, isolation of oocysts by immunomagnetic separation, staining of recovered oocysts with a fluorescent antibody and 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI), and microscopic detection and enumeration of the stained oocysts (51) .
PCR-based methods have been used increasingly for detection and analysis of Cryptosporidium oocysts in water (60) , and unlike methods 1622 and 1623, the more recent PCR methods (e.g., genotyping techniques) can differentiate Cryptosporidium species that infect humans from species that do not infect humans. Because most Cryptosporidium species and genotypes are host specific, genotyping techniques are also used for tracking sources of contamination. One tool, a small-subunit (SSU) rRNA gene-based PCR-restriction fragment length polymorphism (RFLP) technique, has been used effectively for genotyping Cryptosporidium oocysts in surface water, storm water, and wastewater samples (1, 18, 20, 40, 41, 56, 60, 62, 63) .
The Potomac River is a water supply that is critical to many communities in the Mid-Atlantic region of the United States. The population of the Potomac River basin is approximately 5.35 million (2000 census) and is growing rapidly. The Washington, DC, metropolitan area has approximately 3.7 million residents or almost three-quarters of the basin's population, and the nontidal Potomac River is the main water supply for these people. One of the common contaminants of concern that has been identified in all of the source water assessments for the various Potomac River WTPs is Cryptosporidium. Currently, only limited data whose quality varies are available for the occurrence of Cryptosporidium oocysts in the Potomac River watershed, and there are no specific data indicating the likely source of contamination and the public health significance of oocysts found in the water.
To obtain critical information to better inform source water protection efforts targeting Cryptosporidium, the Potomac River Basin Drinking Water Source Protection Partnership, in cooperation with the USEPA and the Centers for Disease Control and Prevention, began a 15-month monitoring research project in the Potomac River watershed in October 2006 to identify the major sources of Cryptosporidium oocysts found in local drinking water source waters. This project included monthly and storm event sampling at five sites with different land uses associated with different species of Cryptosporidium. The project took advantage of the recent developments in Cryptosporidium genotyping to track the sources of Cryptosporidium oocyst contamination in the Potomac River watershed.
MATERIALS AND METHODS
Sampling sites. Surface water samples were collected at five sites in the Potomac River basin, including two WTP intakes and three watershed sites (Fig.  1) . The two WTP intake sites were sites at Fairfax Water's Corbalis WTP in Herndon, VA, and Washington Suburban Sanitary Commission's Potomac Water Filtration Plant (WFP) in Potomac, MD. These two plants were selected to determine the characteristics of the source waters on the south (Virginia) and north (Maryland) sides of the Potomac River. The two intakes are located about 6 miles apart from one another on opposite sides of the main stem of the Potomac River and represent the primary supply sources for two of the three major water utilities in the Washington, DC, metropolitan region. The source water at the Potomac WFP is considered comparable to the source water for the third major water utility (the Washington Aqueduct), whose intake is also on the north side of the Potomac River.
The three watershed sampling sites were selected so that they represented different land uses in the watershed drainage area and different contributions of potential agricultural (cattle) and urban (wastewater treatment) sources to the overall Cryptosporidium load ( Table 1) . The North Fork Shenandoah River site is located just northeast of Edinburg, VA, in Shenandoah County. It is downstream of significant dairy and beef feedlot operations, and there are no major wastewater treatment plant (WWTP) (Ͼ1 million gallons per day) discharges upstream. The Monocacy River site is just north of Frederick, MD, in Frederick County and is downstream of significant dairy cattle operations and several major WWTP discharges. It is estimated that 25 to 30% of the stream flow under low-flow conditions is WWTP discharge.
The third watershed site represents an area largely influenced by urban sources and is on the Great Seneca Creek in Maryland, about 200 feet downstream of the discharge point of the Seneca WWTP. This site is located in Seneca State Park, and its coverage includes significant wooded areas (Table 1) . It was targeted in order to assess the human contributions of Cryptosporidium due to WWTP discharges (specifically from the Seneca WWTP, which is a tertiary WWTP with UV disinfection). The WWTP discharge comprises a significant portion of the stream flow at this location during dry-weather flows (as much as 50%). Great Seneca Creek is not believed to influence the quality of the Corbalis WTP source water because the intake for this WTP is slightly upstream of the Great Seneca Creek outlet and the river is too wide at this point for the Great Seneca Creek flow to reach the Corbalis WTP intake, but it does influence the quality of the source water of the Potomac WFP because it is upstream of and on the same side of the river as the WFP intake.
Sample collection and processing. Storm flow and base flow samples were collected from the two WTP sites and three watershed sites. During the study period, one monthly 20-liter base flow grab sample was collected at each site, and 6-to 8-h composite storm flow samples were collected at the five affected sites after significant rain events in the upstream watersheds at times estimated to correspond to the first-flush storm flow from upstream sources. Each water sample was split into two 10-liter aliquots, and each aliquot was filtered through Envirochek HV filters by using procedures specified in USEPA method 1623 (51) . The filters for one aliquot were processed by certified commercial laboratories contracted by the Potomac River Basin Drinking Water Source Protection Partnership members for detection and enumeration of Cryptosporidium oocysts and Giardia cysts using USEPA method 1623. The filters for the other aliquot were shipped to a laboratory at the Centers for Disease Control and Prevention for Cryptosporidium detection and genotyping by a PCR technique. PCR analyses of the samples were conducted by a technician who was unaware of the sample codes and microscopy results. Microscopy and PCR results were compared only after analyses of all samples were complete. For water quality analyses, Escherichia coli was enumerated for base flow samples from the Monocacy River, Great Seneca Creek, and Potomac WFP sites using Quanti-Tray/2000 (Idexx, Westbrook, ME) as specified by SM 9223B, and turbidity was determined for all samples using USEPA method 180.1-approved bench turbidimeters (a 2100N or 2000P turbidimeter from Hach Co., Loveland, CO, for base flow and storm flow samples from most sites, or a Hydrolab DS5 multiprobe from Hach Co. for storm flow samples from the North Fork Shenandoah site).
DNA extraction. Cryptosporidium oocysts were isolated from 0.5-ml water concentrates by immunomagnetic separation using magnetic beads coated with an anti-Cryptosporidium monoclonal antibody (Dynal, Lake Success, NY) and the procedure recommended by the manufacturer. Oocysts still bound to magnetic beads were directly used for DNA extraction with a QIAamp DNA mini kit (Qiagen, Valencia, CA). To break the oocyst wall, 180 l ATL buffer from the kit was added into 1.5-ml tubes containing the oocysts and beads and the preparations were subjected to five freeze-thaw cycles at Ϫ70 and 56°C for at least 1 h (17).
PCR-RFLP. Each sample was analyzed by performing an SSU rRNA-based nested PCR-RFLP analysis using restriction enzymes SspI and VspI as described by Xiao et al. (18, 56, 58) . Each water sample was analyzed five times (i.e., five replicates) by the PCR-RFLP technique, using 2 l of the DNA solution per PCR mixture. Nonacetylated bovine serum albumin (400 ng/l; Sigma-Aldrich, St. Louis, MO) was used in all primary PCRs to neutralize residual PCR inhibitors in the extracted DNA. Ten microliters of the secondary PCR products was digested at 37°C overnight in a 40-l (total volume) reaction mixture. The digested products were visualized by 2% agarose gel electrophoresis.
Sequencing analysis. All positive secondary PCR products generated in this study were sequenced in both directions using an ABI Prism 3130 genetic analyzer (Applied Biosystems) as described previously (18, 56, 58) . Nucleotide sequences were read using the software ChromasPro (www.technelysium.com.au /ChromasPro.htm). The consensus sequences obtained and sequences from the GenBank database were aligned using ClustalX (http://bips.ustrasbg.fr/fr /Documentation/ClustalX/). Sequence alignments were edited using the BioEdit program, version 7.0.4 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html).
Statistical analysis. Cryptosporidium detection rates for sampling sites were compared by using chi-square analysis or Fisher's exact test. Differences in contamination intensity, as reflected by differences in sample PCR amplification rates between sites or genotypes, were compared by using a t test. The association between Cryptosporidium PCR positivity and log turbidity or log E. coli counts was assessed by logistic regression. In chi-square, Fisher's exact test, and logistic regression analyses, odds ratios (OR) were also calculated. All statistical analyses were performed with EpiInfo 3.3.2 (Centers for Disease Control and Prevention, Atlanta, GA).
Nucleotide sequence accession numbers. Unique sequences generated in this study have been deposited in the GenBank database under accession numbers EU825733 to EU825751. Much greater occurrence of Cryptosporidium oocysts in water samples was detected by PCR. Altogether, 50 of the 92 water samples generated the expected SSU rRNA PCR products, including 27/64 (42%) of the base flow samples and 23/28 (82%) of the storm flow samples ( Table 2) . Six of the eight microscopy-positive samples were also positive as determined by PCR; the two PCR-negative samples which were microscopy positive included one sample each from the Potomac WFP and Great Seneca Creek sites, both of which were base flow samples. For two watershed sites that were influenced by cattle farms, the Monocacy River and North Fork Shenandoah River sites, the PCR posivitity was higher for base flow samples (7/13 [54%] of samples). In contrast, for the two source water intake sites (Corbalis WTP and Potomac WFP) and the watershed site influenced by treated urban wastewater the occurrence of Cryptosporidium oocysts was lower in base flow samples (3/12 to 5/13 [25 to 38%] of the samples) (OR, 2.2; P ϭ 0.06).
RESULTS

Water
As determined by PCR, the occurrence of Cryptosporidium was higher at the five sites for storm flow than for base flow (OR, 6.3; P Ͻ 0.001), and there was no significant difference in the detection rates (67 to 100%) among the sites (P ϭ 0.637) ( Table 2) .
Turbidity, E. coli counts, and Cryptosporidium positivity as determined by PCR. Samples collected during storm flow had significantly higher turbidity than samples collected during base flow (P Ͻ 0.001), and samples collected during base flow at the North Fork Shenandoah site had much lower turbidity than samples collected at the Corbalis WTP and Potomac WFP (P ϭ 0.002). At base flow, Cryptosporidium PCR-positive samples had higher turbidity than negative samples (OR, 3.69; P ϭ 0.05; Table  3 ). Likewise, Cryptosporidium PCR-positive samples also had higher mean E. coli counts than negative samples collected during base flow (OR, 3.40; P ϭ 0.04) ( Table 3) .
Monthly occurrence of Cryptosporidium in water samples as determined by PCR. Base flow samples were taken at all five study sites once every month during a 13-month period (Table 4) .
Storm flow water samples were taken after seven precipitation events only in the later part of the study period. Most storm flow samples, including those collected during the drought, were positive for Cryptosporidium (Table 4) .
Cryptosporidium genotype distribution in the watershed. Altogether, 15 Cryptosporidium species or genotypes were found in the 50 Cryptosporidium-positive samples as determined by RFLP analysis and DNA sequencing of the SSU rRNA PCR products; these species or genotypes included C. andersoni, C. felis, C. meleagridis, C. serpentis, deer mouse genotypes III (W1) and IV (W3), the cervine genotype (W4), muskrat genotype I (W7), the snake genotype (W11), the skunk genotype (W13), the vole genotype (W15), the tortoise genotype, genotype W12, a C. bovis-like genotype, and a mouse genotype II-like Cryptosporidium. The most common species or genotype in water samples was C. andersoni, which was found in 41 PCR-positive samples or 167 PCR products (Table 5 ). In contrast, other genotypes were found in only one to four samples. Because almost all of the latter genotypes are parasites of wildlife, they are referred to as wildlife genotypes in this report for convenience. Of the 50 PCR-positive samples, 12 (24%) contained more than one genotype; these samples included 9 samples containing two genotypes and 3 samples containing three genotypes. There were apparent differences in the distribution of Cryptosporidium genotypes among the five sampling sites. C. andersoni was the dominant genotype found in base flow and storm flow water samples from the Corbalis WTP, Potomac WFP, Monocacy River, and North Fork Shenandoah River sites. However, it was never detected in base flow samples from the Great Seneca Creek and was detected in only one of five PCR replicates of one storm flow sample from this site (Tables 2 and  5 ). In contrast, wildlife genotypes were detected mostly in samples from Great Seneca Creek (15 times in seven samples) and Potomac WFP (seven times in four samples) and only occasionally in samples from the Corbalis WTP (four times in two samples), North Fork Shenandoah River (five times in three samples), and Monocacy River (once in one sample) (OR of 26.4 and P Ͻ 0.001 for comparisons of Great Seneca Creek and other sites).
Cryptosporidium intragenotypic heterogeneity. For most of the genotypes, the SSU rRNA sequences obtained were identical to each other and to those deposited in the GenBank database; the exceptions were the single sequences for C. meleagridis, C. serpentis, and the vole genotype (W15), which had minor differences (2 to 3 nucleotides) compared with reference sequences. The C. bovis-like genotype sequence had five nucleotide differences compared with the C. bovis sequence from cattle (accession number AY120911), five or seven nucleotide differences compared with the C. bovis sequence from sheep (accession numbers EF362478 and DQ991389), and six nucleotide differences compared with the C. bovis sequence from a goat (accession number EF613338). The mouse genotype IIlike Cryptosporidium sequence had seven nucleotide differences compared with the mouse genotype II sequence (accession number EF546483), all in the form of insertions and deletions. These sequences may represent new Cryptosporidium genotypes or subtypes.
Three types of intragenotypic sequences were identified in C. andersoni. Most of the C. andersoni sequences obtained (151/167) were identical to the type A sequence (accession number AF093296), which differed from the type B sequence (accession number AB362934) by having one T deletion (three Ts instead of four Ts) (32) . This deletion was found in 14 PCR products. A third type of sequence, type C, of C. andersoni was found in PCR products from one sample, and compared with the type A sequence it had one A deletion right before the three-T region and one C-to-AT substitution shortly after this region. The 14 C. andersoni type B sequences were obtained from 10 water samples; 10 of the type B sequences were detected in samples that also produced type A sequences. Only two sequences each were obtained from two samples that had no type A sequence. Likewise, the two type C sequences were also found in a sample that produced one type A sequence.
Intragenotypic sequence variations were also found in the muskrat and cervine genotypes. In the four muskrat genotype I sequences obtained, two sequences from two samples had one A-to-G nucleotide substitution and a four-T deletion (four Ts instead of eight Ts). Likewise, for the five cervine genotype sequences obtained from three samples, one had a TA deletion (one TA instead of two TAs) compared to the other four. The two types of cervine genotype sequences were found in one sample from the Great Seneca Creek; two PCR replicates produced the common sequence with two TAs, and one PCR replicate produced the sequence with one TA. These intragenotypic variations in C. andersoni, muskrat genotype I, and the cervine genotype likely represent sequence differences between different copies of the SSU rRNA gene. Differences in contamination levels between C. andersoni and wildlife genotypes. Because each sample was analyzed by PCR five times, it was possible to assess the Cryptosporidium contamination intensity in water at both the sample and genotype levels by determining the rates of PCR amplification (number of PCR-positive replicates per sample or genotype). Overall, the positive water samples generated 3.84 Ϯ 1.39 PCR products (mean Ϯ standard deviation) for five PCR replicates. There were no significant differences in contamination intensity among most of the sampling sites for both the base flow and the storm flow; the exception was the findings for the Great Seneca Creek site, at which the intensity was much lower than that at the other sites. As expected, the contamination intensity was higher in storm flow samples than in base flow samples at all sites except the Great Seneca Creek site (Table 2) .
At the genotype level, the intensity of contamination by C. andersoni was much higher than the intensity of contamination by the wildlife genotypes. For all 50 Cryptosporidium-positive water samples, C. andersoni had an overall contamination intensity of 3.20 Ϯ 2.02 replicates per 5 PCR replicates, and the wildlife genotypes had an overall contamination intensity of 0.64 Ϯ 1.03 replicates per 5 PCR replicates (P Ͻ 0.001). For both the base flow and the storm flow, the Great Seneca Creek site had much higher overall wildlife genotype contamination intensity than the other four study sites (Table 2 ). For the 41 samples positive for C. andersoni, the contamination intensity for this genotype was 3.90 Ϯ 1.48 replicates per 5 PCR replicates. In contrast, for the 17 samples positive for wildlife genotypes, the contamination intensity for these genotypes was 1.88 Ϯ 0.86 replicates per 5 PCR replicates (P Ͻ 0.001).
DISCUSSION
In this study the prevalence of Cryptosporidium in water samples was high as determined by SSU rRNA-based PCR. Despite the occurrence of a major drought during the study period, 42% of the base flow samples were positive for Cryptosporidium. The high prevalence of Cryptosporidium oocysts in river water samples was expected, as three of the sampling sites were immediately downstream of potential agricultural or urban wastewater discharge sites. Nevertheless, the prevalence of Cryptosporidium oocysts in base flow samples is similar to data in recent reports for the occurrence of Cryptosporidium detected by PCR in river water samples in Japan (69%) and Portugal (Ͼ33%) (1, 29) . Similar high prevalence values (56 to 100%) for Cryptosporidium oocysts in river water were also obtained by using microscopy in some recent studies conducted in the United States, Canada, Spain, The Netherlands, Brazil, Taiwan, and Japan (2, 7, 12, 15, 20, 35, 41, 46, 50) . In this study, as expected, a much higher prevalence of Cryptosporidium oocysts was detected by PCR in water samples collected at the five sampling sites during storm flow (82%) than during base flow (42%). Likewise, the prevalence of Cryptosporidium in storm flow water was similar (88%) to findings of a multiyear study of three streams draining wooded or forested, residential, and commercial areas in the New York City drinking water supply system (18) . A much lower prevalence of Cryptosporidium oocysts in the water samples analyzed in this study was obtained when standard USEPA method 1623 was used (oocysts were present in only 6% of the base flow samples and 14% of the storm flow samples). Previous studies have shown that PCR methods have greater sensitivity than microscopy for detection of Cryptosporidium oocysts in water samples (10, 18, 19, 21, 27, 28, 56) A more recent study also suggested that the difference between the microscopy results and the SSU rRNA-based PCR results was largely due to detection of Cryptosporidium by PCR in microscopy-negative samples (58) . It was suggested that the poor dissociation of oocysts from magnetic beads during the immunomagnetic separation step and more downstream processing steps likely contributed to the inferior performance of microscopy (54, 58) . Because the difference between the detection rates with microscopy and the detection rates with PCR in this study was so great, it was unlikely that the difference in sensitivity was solely responsible.
Apparent variation was detected in the monthly occurrence of Cryptosporidium PCR-positive samples collected during base flow. Two-thirds of the positive samples were collected during a 5-month study period from November 2006 to March 2007, and less than one-fifth of the positive samples were collected from May to October 2007, a period accounting for nearly one-half of the sampling time and during which a major drought occurred in the study area. The hypothesis that precipitation had an effect on the occurrence of Cryptosporidium oocysts was supported by the significantly higher percentage and intensity of PCR-positive samples for samples collected under storm flow conditions. Previously, the number of Cryptosporidium oocysts in river water samples was shown to increase from the late summer to the early autumn (from August to November) in studies performed in the United States and Japan (20, 49) . Similarly, in Spain river water samples were positive for Cryptosporidium significantly more frequently during the autumn than during the spring and winter (2) . In contrast, no monthly variation in the occurrence of Cryptosporidium oocysts was detected in river water samples in other studies in Norway and Spain (30, 38) .
The turbidities and E. coli counts of the samples correlated with detection of Cryptosporidium oocysts. In this study, Cryptosporidium-positive river water samples had higher turbidities and E. coli counts than negative samples. Similar observations concerning the relationship between the occurrence of Cryptosporidium oocysts on the one hand and the turbidity and E. coli or fecal coliform counts on the other hand have been made previously (2, 23, 38, 48) . In one study performed in Finland, the presence of E. coli was correlated with the detection of Cryptosporidium in river water samples, although there were no significant correlations between E. coli or coliform counts and the presence of Cryptosporidium (14) .
There were apparent differences in the occurrence of Cryptosporidium oocysts among the three watershed sites. At base flow, each of the two sites influenced by cattle farms, the North Fork Shenandoah River and Monocacy River, had a much higher occurrence of Cryptosporidium oocysts based on the PCR positivity and intensity (defined as the number of PCRpositive replicates for the five PCR replicates per sample) than the site influenced by urban wastewater discharge, the Great Seneca Creek. At storm flow, the Great Seneca Creek site also had lower contamination intensity than the other two sites (2.00 Ϯ 0.71, 4.67 Ϯ 0.58, and 5.00 Ϯ 0.00 PCR-positive replicates per five PCR replicates for Great Seneca Creek, North Fork Shenandoah River, and Monocacy River, respectively). As expected, the prevalence and contamination intensity of Cryptosporidium at the two treatment plant intake sites downstream of these sites were similar to those at the North Fork Shenandoah River and Monocacy River sites. This is in agreement with the results of a recent study performed in Korea, where livestock wastes were more serious pollutants than sewage for Cryptosporidium contamination of rivers (24) . In a study conducted at Lake Texoma on the border of Texas and Oklahoma, both agricultural land use and sewage discharge contributed to Cryptosporidium contamination in surface water (20) . In contrast, a study performed in Hungary reported that higher oocyst densities were associated with source water receiving effluents from sewage treatment plants (37) . In Trinidad and Tobago, urban and forested lands were the two most important sources of oocysts, rather than agricultural lands (36) .
The results of genotyping of samples have supported the hypothesis that cattle farms have a role in Cryptosporidium oocyst contamination in rivers. In this study, C. andersoni was the dominant species at both base and storm flow at four of the sites, all of which are downstream of cattle farms. In contrast, C. andersoni was rarely detected at the Great Seneca Creek site, where there are very few farm animal activities. Instead, wildlife genotypes were the dominant genotypes at this site under both base and storm flow conditions. C. andersoni is predominantly a parasite of adult cattle and has been found rarely in other farm animals, such as sheep, pigs, and horses (3-6, 9, 22, 42-44, 47) . Interestingly, several other common bovine Cryptosporidium genotypes, such as C. parvum in preweaned calves and C. bovis and C. ryanae in older calves (45), were not found in water samples. Calves, especially preweaned dairy calves, however, are usually managed very differently from adult cattle, which could be one of the reasons for the low levels of these genotypes detected in water samples in this study. In other studies, C. andersoni was also commonly detected in river water samples when genus-specific PCR tools were used for genotyping (16, 29, 34, 40, 41, 53, 57, 62) . Although some of the studies also identified C. parvum in river water samples, C. bovis and C. ryanae were never found. A C. bovis-like genotype was found in this study in one water sample. However, there were substantial sequence differences between this genotype and C. bovis found in cattle, sheep and goats; thus, this genotype is likely a parasite of wild mammals.
One of the other reasons for the frequent detection of C. andersoni in water samples is probably the shedding intensity of this species. Samples positive for C. andersoni were more easily amplified by PCR than samples positive for the wildlife genotypes; positive samples had a mean PCR-positive rate of 3.2 replicates/5 replicates for C. andersoni and a mean of 0.6 replicate/5 PCR replicates for wildlife genotypes. This is especially remarkable when primer sequence mismatch is taken andersoni is a gastric species, and almost all wildlife genotypes detected in this study are intestinal species. The high C. andersoni contamination intensity and template competition in PCR were probably also responsible for the low rates of detection of wildlife genotypes at the four sites influenced by cattle farms, as there was also significant coverage by woods and forest in their drainage areas (Tables 1 and 2) . Surprisingly, urban wastewater discharge was not found to be a significant contributor to Cryptosporidium oocyst contamination in river water in this study. Although two watershed sites (the Great Seneca Creek and Monocacy River sites) are downstream of discharges of treated urban wastewater and the two downstream treatment intake sites are under the cumulative influence of all the environmental factors considered in this study, the most common Cryptosporidium genotypes in raw urban wastewater, C. hominis and C. parvum (11, 13, 53, 57, 62, 63) , were never found in river water samples in this study. This finding differs from the results of a previous study conducted in neighboring areas. In a limited study of samples collected in 1999 from six rivers in the Maryland portion of the Chesapeake Bay area, Xiao et al. (62) compared the distribution of Cryptosporidium genotypes at sites downstream of wastewater discharge sites and the distribution of Cryptosporidium genotypes at sites downstream of beef cattle farms. Both C. parvum and C. hominis were found at sites downstream of wastewater discharge sites in three rivers. In contrast, only C. parvum was found at sites downstream of cattle farms in three other rivers. C. andersoni was never detected in water samples at these sites, although its occurrence could have been masked by the wide occurrence of C. hominis and C. parvum in these samples. However, C. andersoni was detected in the only sample taken from the Potomac River (62) . The reasons for the difference in the role of treated urban wastewater discharge in Cryptosporidium contamination are not clear. It is possible that improvements in discharge regulations and wastewater treatment practices, including the increased stringency of treatment and the incorporation of new technology, such as UV treatment, could have contributed to the less important role of wastewater discharges in Cryptosporidium contamination in recent years.
Most of the genotypes found in water samples in this study are the genotypes which have been found previously in wildlife, indicating that wildlife is also a significant source of Cryptosporidium contamination in the Potomac River watershed. Most of the wildlife genotypes (8/14) were also previously found in three streams in the New York City drinking watershed (18) , and some of them (4/14) were also found in the South Nation watershed in Ontario, Canada (41) . Among the 14 non-C. andersoni species and genotypes found in this study, only C. felis and C. meleagridis are known to infect domestic animals (cats and chicken or turkeys, respectively). C. meleagridis, however, is known to infect various wild birds, and C. felis may also infect wild felines (feral cats and bobcats). These and other known hosts of the wildlife genotypes found in water samples (Table 5 ) are known to be active in the Potomac River watershed. The hypothesis that wildlife had a role in the Cryptosporidium contamination observed in this study was further supported by the following observations: (i) the wildlife genotypes were found mostly at the Great Seneca Creek site, at which there were few farm animal activities; (ii) the level of detection of wildlife genotypes was very low (once in one sample) at the Monocacy River site, which has much less forested and wooded area than the other sites; and (iii) the level of detection of wildlife genotypes at the Potomac WFP site (seven times in four samples) was higher than the level of detection of wildlife genotypes at the Corbalis WTP site (four times in two samples) (the land uses at these two sites are similar, but only the former site is influenced by the Great Seneca Creek discharge).
Results of this study corroborate observations made in a recent study performed in the South Nation watershed in Ontario, Canada (41) . In the Canadian study, which was a similar size, C. andersoni was the dominant species in the watershed (present at 11/14 sites), and its presence correlated with cattle activities. All of the other genotypes (7/7) found in the watershed are known parasites of wildlife, and they were found mostly at sites where there were fewer farms and less C. andersoni was detected. Despite the potential influence of urban wastewater discharge at some of the sites, C. hominis was never found in the watershed (41) . One significant difference between the Canadian watershed study and the present study is the higher level of detection of Cryptosporidium oocysts by method 1623 microscopy (77% of 120 samples).
The Cryptosporidium genotypes found in this study are not commonly found in humans. Of the 15 genotypes found in the Potomac River watershed, only C. andersoni, C. felis, C. meleagridis, the cervine genotype, and the skunk genotype have been found in humans (33) . However, most human Cryptosporidium infections (Ͼ95% in most areas) are caused by C. hominis and C. parvum (61) . Even though C. meleagridis and C. felis are also responsible for small numbers of human infections (61), they were found in this study at a very low frequency. Human infections with the skunk genotype and with C. andersoni have each been reported in only one to four cases (25, 31, 33) . Thus, as suggested previously (18, 41, 56, 61) , a large proportion of the Cryptosporidium oocysts in water from the sample sites are not oocysts of species known to be harmful to humans.
In conclusion, current standard detection methods for Cryptosporidium oocysts in water do not differentiate pathogenic species from nonpathogenic species. Thus, risk assessment models that do not take this into consideration would overestimate the human health impact of Cryptosporidium. More studies with systematic sampling of different types of water would provide a better picture of the extent of contamination of water with Cryptosporidium species that infect humans in different environmental settings. Periodic determination of the species of Cryptosporidium in a watershed or source water can be helpful in developing strategies for the scientific management and protection of source water and human health.
